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Abstract 
Renewable distributed generation (DG) has become one of the key drivers of fast changing energy scenario around the world. A 
clear strategy is ardently essential to accelerate growth of grid interactive renewable DGs. This paper proposes a constrained 
multi objective particle swarm optimization based planning of renewable DGs for distribution network. The proposed method 
tries to find the best trade-off between benefit to economic ratio, voltage stability factor and network security index and then 
generate optimal location, types and size of renewable DGs for distribution network. Effectiveness of the proposed methodology 
is shown on a typical 28-bus Indian distribution network. Test results depict that proper selection of locations, types and sizes of 
DGs would be helpful to maximize economical benefit, improve security and enhance voltage stability of the distribution 
network. The study also illustrates the effect of load modelling in planning of renewable DGs for distribution network. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Distributed Generation (DG) is going to play a vital role in modernization of power system structure because of 
its promises to supply eco-friendly, reliable and cost effective electricity to the customer. In competitive electricity 
market distribution companies (DISCOs) are also trying to improve quality of power and increase economical 
benefit keeping customer bill affordable. DG is small scale, self-contained electric generating plants [1] that can be 
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connected directly with load centre or near to load in distribution network. It includes renewable technologies 
(photovoltaic, biomass and wind power) and high efficiency non-renewable power (fuel cell, internal combustion 
engine, gas turbine and micro turbine). Among different types of DG technologies, renewable DGs are becoming 
very popular because of abundant availability of resources and nearly zero emission in environment. According to 
ministry of new and renewable energy (MNRE) report, Govt. of India has set a target to produce 9,000 MW wind, 
1,780 MW biomass and 50 MW solar power with grid interaction in the 11th plan (2011-2017) [2]. Capacity of wind, 
biomass and solar based DGs are going to be increased by 68%, 67% and 36% in 11th plan with respect to 10th plan. 
Although the effects of renewable DGs are appeared as completely favorable for distribution network, indiscriminant 
application of individual DG may cause higher distribution power losses and poor voltage stability of the network. 
So, optimal location, type and size selection of renewable DGs in the distribution network is a very crucial aspect of 
energy system planning. 
Different types of techniques reported in literature to select size and/or location of DG in distribution network. 
Wang et al [3] have formulated an expression based on phasor current for DG placement in radial and meshed 
network. This method only chooses proper location keeping size of DG constant. In [4], authors have select 
appropriate location of DG in distribution network based on loss sensitivity of buses. Appropriate size of DG was 
evaluated based on exact loss formula. Evolutionary programming based optimization technique was presented by 
Kathod et al [5] to place renewable DGs optimally in radial distribution network. In [6], voltage stability criterion 
has been used to find DG location and differential evaluation optimization technique is used to determine DG 
capacity considering objective of power loss minimization. A simulated annealing optimization technique has been 
utilized for optimal placement and sizing of DGs [7]. While most of papers have dealt with single objective 
optimization technique, some papers have focused on multi-objective optimization technique. Singh et al [8] have 
presented multi-objective genetic algorithm approach for DG sitting and sizing in distribution network. In [9], 
optimal generation dispatch by renewable energy has been calculated using weighted sum multi-objective particle 
swarm optimization technique. In [8, 9] weighted aggregation based multi-objective approaches were presented 
which may lead non-optimal solutions in some cases. In [10], multi-objective genetic algorithm is applied to produce 
a pareto set of optimal planning schemes by taking into account cost and grant functions as objectives. 
This paper presents a multi-objective particle swarm optimization (MOPSO) based approach to allocate 
renewable DGs optimally in distribution network employing trade-off between multiple objectives. The 
methodology checks scope of locations and sizes of multiple renewable DGs simultaneously in different bus 
locations in the network. Benefit to cost ratio (BCR), voltage stability factor (VSF) and network security index (NSI) 
are utilized to assess the economic viability of renewable DG planning, voltage stability and security condition of the 
network. Multi-objective optimization problem with locations, types and sizes of renewable DGs is formulated 
incorporating load model. Simulation of the proposed methodology is carried out on 28-bus radial distribution 
network and test results considering different load models are discussed. 
2. Objective functions 
The researchers choose objective functions from different technical, economical and environmental aspect and 
they are not empirical. While some authors have given concern on economy for DG selection [10, 11], others 
emphasized on power loss minimization [3, 4] or both economical benefit and power loss minimization [12]. 
Optimal placement and sizing of DG based on system security and reliability are also reported in the literature [13, 
14]. Some authors have discussed about location and size selection of DG on view point of voltage stability 
improvement [6, 15]. However, this paper studied with objective of economical benefit maximization, voltage 
stability enhancement and network security improvement which are found very important for efficient operation of 
distribution network with renewable DGs. 
2.1. Benefit to cost ratio 
BCR is a simple and helpful method for benefit-cost analysis of a project planning. BCR indicates the 
economical benefit that can be realized with respect to cost for implementation of the project. BCR for renewable 
DG planning is represented as  
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renwDGCost   is composed of investment, operating and maintenance cost. Investment cost includes cost of the DG unit, 
DG site preparation, electric system interface, SCADA system, protection system etc. Operating and maintenance 
cost includes fuel cost (in case of biomass), labour cost for service, tax and preventive maintenance cost. Total cost 
of renewable DGs due to install, operation and maintenance is given by 
,
2 2
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Where 
ijIC  and ijOMC are investment cost; and operating and maintenance cost of type-j renewable DG at bus-i 
respectively. 
in  is the number of DG unit that can be connected at bus-i. il is location variable at bus-i. It is to be 
noted that value 
il  equals to 0 or 1 indicate DG is connected or not connected at bus-i. ,renwDG ijP  is the power generated  
by type-j DG at bus-i. N is the number of buses in the network and it is considered that substation is connected at 
bus-1. 
As operation and maintenance cost of renewable DGs are future cost, it is required to calculate Cumulative Present 
Value (CPV) of future cost. Interest rate, inflation rate, and economic life of equipment have taken into account to 
calculate CPV. It can be determined as follows 
(1 )100
(1 )100
IF
PV IR
 
        (3) 
 
1
1
yrNPVCPV
PV
           (4) 
PV is the present value of cost. IF and IR are the percentage of inflation rate and interest rate respectively. yrN  is the 
number of year in planning horizon.  
renwDGBenefit  includes cost saving due to reduction of power consumption from main substation and power loss 
reduction. Total benefit that can be achieved from operation of distribution network with renewable DGs is given by 
,
2
{( * * ) }* *8760*
N
renwDG renwDG ij i i renwDG hrj type
i
Benefit P n l Ploss C CPV 
  '¦¦  (5) 
renwDGPloss'  is the power loss reduction due to allocation of renewable DGs. hrC  is the cost of electricity. 
From eqn (1), it is seen that more the value of
renwDGBCR , DISCO will be more benefitted and 1renwDGBCR !  is an 
indicator of sufficient cash inflow. 
2.2. Voltage stability factor 
Voltage stability factor can quantify voltage stability level of buses in transmission or distribution network. It is a 
very fast and effective tool for off-line measurement of voltage stability condition of buses. VSF proposed by Kayal 
et al [16] for any bus-i+1 in the distribution network can be represented as follows. 
1 1(2 )i i iVSF V V              (6) 
iV  and 1iV  are voltage magnitude at bus-i and bus-i+1 respectively. 
Voltage stability condition of the whole network can be realized as 
1
1
1
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The authors have examined that higher the value of VSF ; the network would become more stable. 
2.3. Network security index 
The best way to get idea about network security is to assess the loading state of lines in the network. Line 
Loading (LL) is the MVA flow through the line with respect to maximum MVA capacity of that line. For any Line-i, 
LL is given as 
                            (8) 
max
,
,
MVA i
i
MVA i
L
LL
L
  
The network security is formulated considering the loading of all the lines in the network and represented as 
1
1
( 1)
N
i
i
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N

  
¦
            (9) 
Lower value of NSI indicates release in the system loading. As a result there is less chance of outage of the line 
and network security is augmented. 
3. Load model 
So far attention was given mostly on generation and transmission/distribution. But, modeling of load is also very 
significant and its effect on system yet not been fully exploited. Consideration of voltage dependent load model is 
more relevant than constant power load model for analysis of a system as loads of the buses in distribution network 
depend on their respective bus voltages. Practical voltage dependent load model i.e. residential, industrial and 
commercial used in [13, 17] have been adopted for investigation. 
, 0,
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,D iP , ,D iQ and iV  are active load, reactive load and voltage magnitude at bus-i; 0,iP , 0,iQ and 0,iV  are nominal active load, 
reactive load and voltage magnitude at bus-i; D and E are active and reactive power exponents. 
Active and reactive power exponents are different for different types of load and shown in Table 1. 
     Table 1. Values of exponents used for different types of load 
Load type D   E   
Constant power 0 0 
Residential 0.92 4.04 
Commercial 1.51 3.40 
Industrial 0.18 6.0 
 
4. Problem formulation 
Optimal planning of location, type and size of renewable DGs in distribution network is a complex problem with 
multiple objective functions and constraints.  
The problem of this study is to generate potential solution with maximization of
renwDGBCR , maximization of renwDGVSF
and minimization of
renwDGNSI  . renwDGBCR , renwDGVSF and renwDGNSI  are function of location, type and size of renewable 
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DGs and represented by  
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Maximization of BCR and 
renwDGVSF  facilitate to minimization of 1f  and 2f .  So, overall objective can be 
formulated as 
1 2 3min{ , , }f f f   .  
Proposed methodology is formulated with some equality and inequality constraints which are given below 
Equality constraint: 
Power balance equation of total system is always maintained and represented as 
, ,
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Inequality constraints:  
1. Generation limit constraint at bus-i 
, ,min , , ,max* * *renwDG ij i renwDG ij i renwDG ij iP n P n P nd d         (15) 
2. Bus voltage tolerance constraint at Bus-i 
,min ,maxi i iV V Vd d           (16) 
3. Line capacity constraint of line connecting bus-i and bus-j 
max
ij ijS Sd             (17) 
Where 
ijS and maxijS  are actual and maximum line power flow in MVA. 
5. Multi-objective particle swarm optimization based solution technique 
A multi-objective optimization problem has a number of conflicting objective functions which are to be 
minimized or maximized simultaneously. In contrast to single objective optimization, multi-objective optimization 
problems generate number of compromised or non-dominated solutions by trade-off between multiple objectives. 
After obtaining non-dominated solutions, it is a difficult task of decision maker to choose an option. A fuzzy rule 
based method is used here to choose best compromise solution.   
5.1. Multi-objective particle swarm optimization technique 
Particle swarm optimization (PSO) is a simple and efficient tool widely used by researchers to solve single 
objective optimization problem. PSO is basically a population-based search procedure in which individual particle 
adjusts its position according to its own experience, and the experience of fittest neighbouring particle. The first one 
is the best solution it has achieved so far which is called pbest. Second one is the best solution found so far in the 
whole swarm and it is called gbest. In each flight the particles modify their position and velocity and try to converge 
in more promising region of solution. Non-dominated sorting and crowding distance concepts are incorporated into 
PSO and extended it to handle multi-objective optimization problems. In MOPSO, the whole population is sorted 
into various non-domination front levels based on non-domination criteria. $VROXWLRQLVVDLGWREHQRQ
GRPLQDWHGLILWLVLPSRVVLEOHWRLPSURYHRQHFRPSRQHQWRIWKHVROXWLRQZLWKRXWZRUVHQLQJWKH
YDOXHRIDWOHDVWRQHRWKHUFRPSRQHQWRIWKHVROXWLRQThose individuals that are not dominated with 
the others form the first front. Since the pbest particles are chosen from top rank front levels; the selection pressure 
drives the swarm towards the true non-dominated solutions over many iteration steps. The crowding distance is a 
measure of how close an individual is to its neighbors. Randomly chosen non-dominated solution from the less-
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crowded area in first front level is used as guide (gbest) of the whole swarm. So, the diversity of the solution is 
preserved [18]. Applying the constraint handling technique, the solutions violating the constraint limits are avoided 
to select gbest.  
After maximum iteration MOPSO generate a set of non-dominated solutions. Final decision is determined with 
higher level of qualitative considerations. Fuzzy rule can select the optimal non-dominated solution in better way 
than human judgments [19]. Fuzzy rule is formulated with craziness of power engineers or DISCOs on different 
objective functions. A linear fuzzy membership function is chosen with max
if  and minif corresponds to unacceptable 
and satisfactory value of objective f . Mathematically fuzzy membership function for each objective function in 
MOPSO can be defined as 
max
max
max min
max min
min
0
1
i i
i i
i i i i
i i
i i
if f f
f f if f f f
f f
if f f
P
t
§ · ! !¨ ¸© ¹
d
       (18) 
iP  is the membership value of thi  objective. 
Overall membership value of any non-dominated solution k is determined by summing of membership values 
followed by normalization. It can be defined as 
1
1 1
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N
k
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k i
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k
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k i
P
P
P
 
  
 
¦
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            (19) 
Where M is number of non-dominated solution obtained and 
objN  is the number of objective functions.  
Solution with highest value of k
iP is selected as best compromising solution.  
5.2. Simulation algorithm of multi-objective problem 
MOPSO technique is successfully applied to generate non-dominated solution with the help of trade-off between 
multiple objectives. The steps to generate best non-dominated solution and corresponding optimal location, type and 
size of renewable DGs are as follows 
1. Initialize number of particle in MOPSO and dimension of each particle. Select dimension of particle with location 
variable, type variable and size variable (number of installed renewable DG units at load bus). Generate initial 
position and velocity of each particle randomly within specified range.  
2. Run power flow algorithm and calculate the values of objective functions.  
3. Do non-dominated sorting based on domination of objectives for different particles. 
4. Sort particles in ascending order according to their occupancy of front levels and calculate crowding distance of 
each particle. 
5. Select Pbest of particle as the best position it has occupied so far. 
6. Eliminate solutions that are not satisfying constrain criteria. 
7. Choose Gbest randomly from top 5% of non-dominated list.  
8. Select maximum size of archive equal to number of particle. 
9. For iteration number one, store all particles in an archive. Otherwise compare the front level and crowding 
distance of current particles with previous particle stored in archive. Particles with better front level and crowding 
distances are stored by replacing previous particles. 
10. Update position and velocity of each particle. 
11. Repeat step 2 to 10 up to maximum iteration. 
12. Select particle with highest fuzzy membership value from archive as optimal non-dominated solution.  
13. Display value of each objective function and variables of particle for optimal non-dominated solution. Show the 
values of location variable, size variable and type variable correspond to best non-dominated solution. 
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6. Simulation results and discussion 
To assess the ability of proposed approach simulation is carried out on 11kV, 28-bus rural Indian distribution 
network. The network is radial in nature with 28 buses and substation is connected at Bus-1 as shown in Fig. 1. 
Required system data and maximum capacity of lines are collected from [13, 20]. Simulation is done in MATLAB 
7.10 software and Newton-Raphson power flow algorithm is used to evaluate bus voltages and power flow through 
the lines of the test network. Base values are taken for the network as 1MVA and 11 kV. Technical and economical 
attributes of renewable DGs are presented in Table 2 [10, 21]. It is considered that solar, wind and biomass based 
DGs are capable of supply only real power at load buses. For planning horizon of 10 years, IF, IR and 
hrC  are taken 
5%, 3% and Rs 5.8/kW-hr respectively. In MOPSO, number of particle and maximum number of iteration are 
considered 60 and 1000 respectively which can generate potential solution [19, 22]. It is assumed that maximum six 
similar type of renewable DG unit can be connected with any load bus. 
 
 
Fig. 1. Single line diagram of 28-bus Indian distribution network 
 
     Table 2. Technical and economical data of wind and solar based renewable DGs 
DG technology Commercial size (kW) Plant factor (%) 
Investment cost 
(Rs/kW) 
Operating and maintenance 
cost (Rs/kW-year) 
Solar photovoltaic (PV) 20 25 350,000 4,818 
Wind turbine 125 20 75,000 11,826 
Biomass 200 60 100,000 15,330 
 
Most of the researches on DG planning have considered constant power load where loads do not change with 
voltage magnitude of buses. But, in practical situation loads are voltage dependent. However, loads of the 
distribution network are not exclusively residential, commercial or industrial types and are mixed in nature. 
Considering all the facts, two case studies have been carried out for renewable based DG selection. 
6.1. Case of constant power load 
In this case, the network exhibit total load of 1.104 MVA. Before installation of DG the system suffers with 
power loss of 69.2 kW. The network has minimum voltage of 0.9139 p.u at Bus-10. It is always desirable to 
maintain voltage magnitudes of all the buses within range of r 5% of nominal value. Proper type and sizes of 
renewable DGs at appropriate locations in the network can boost up voltage magnitudes to reach at desired level. 
Non-dominated solutions generated by MOPSO are shown in Fig 2. Objective functions correspond to best non-
dominated solution and respective optimal locations, types and sizes of renewable DGs are tabulated in Table 3. 
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Table 3. Location, type and size of renewable DGs in the network for best trade-off between objective functions in case of 
constant power type loads 
DG location DG type 
Number of 
installed DG 
unit 
DG size (kW) Value of BCR Value of VSF Value of NSI 
bus-5 Wind turbine 4 500  
 
 
3.1383 
 
 
 
 
 
 
0.9589 
 
 
 
 
 
 
0.4024 
 
 
 
bus-8 Wind turbine 4 500 
bus-13 Wind turbine 5 625 
bus-19 Wind turbine 4 500 
bus-25 Wind turbine 4 500 
bus-28 Solar PV 4 80 
 
 
 
 
Fig. 2: Solution generated by MOPSO compromising three conflicting objectives in case of constant power load model 
 
Voltage magnitudes of all the load buses have risen up considerably after installation of renewable DGs as shown in 
Fig 3. Figure shows that minimum bus voltage is raised up at 0.9530 p.u which is quite acceptable. Proposed 
planning method generates lower network power loss, better voltage stability and network security condition and 
shown in Table 4. Total network power loss is reduced by 47.62 %; and voltage stability and security of network are 
increased by 3.66% and 19.02% respectively. 
2.7
2.8
2.9
3
3.1
3.2
0.95
1
1.05
1.1
1.15
0.4
0.5
0.6
0.7
0.8
0.9
1
 
Benefit to cost ratioVoltage stability factor
 
N
et
w
or
k 
se
cu
rit
y 
in
de
x
Non-dominated solutions
Best non-dominated solution
 Partha Kayal et al. /  Energy Procedia  54 ( 2014 )  85 – 96 93
 
Fig. 3: Comparative graphical representation of voltage magnitudes for different buses with and without renewable DGs in the network with 
constant power load model 
 
     Table 4. Comparison of substation (S/S) power consumption, total power loss, VSF and NSI of DG installed network with before DG 
installation case for constant power load 
Network operation 
mode 
S/S power consumption 
(kVA) 
Total network 
power loss (kVA) Value of VSF 
Value of NSI 
Without renewable 
DG 
1186 84 0.9250 0.4969 
With renewable DGs 865 44 0.9589 0.4024 
 
6.2. Case of voltage dependent load 
With mixed residential, industrial and commercial type loads, the system exhibit total load of 0.947 MVA. The 
system incurs total active power loss of 48.8 kW which is less than constant power load model. The reason is 
voltage dependency of load virtually lower down its value. As a result line currents become less and line losses are 
reduced. Non-dominated solutions generated by MOPSO and final solution determined by fuzzy rule are shown in 
Fig 4. Optimal locations, types and sizes of renewable DGs in the network for best choice of objective functions are 
tabulated in Table 5. 
Table 5. Location, type and size of renewable DGs in the network for best trade-off between objective functions in case of 
voltage dependent loads 
DG location DG type 
Number of 
installed DG 
unit 
DG size (kW) Value of BCR Value of VSF Value of NSI 
bus-9 Wind turbine 3 375  
 
 
3.2652 
 
 
 
 
0.9578 
 
 
 
 
0.3642 
 
bus-13 Wind turbine 5 625 
bus-24 Wind turbine 3 375 
bus-27 Wind turbine 4 500 
bus-28 Solar PV 4 80 
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Fig. 4: Solution generated by MOPSO by trade-off between three conflicting objectives in case of voltage dependent load model 
 
Results show that locations, type and sizes of renewable DGs are appeared different from constant power load 
model to have satisfaction with objective functions. After installation of renewable DGs voltage magnitude of the 
load buses have enhanced significantly as shown in Fig 5. Minimum voltage is obtained as 0.9519 p.u at bus-28 in 
this case. Moreover, network power loss is lower down and voltage stability and security level of the network are 
enhanced. From Table 6, it can be clarified that total network power loss is reduced by 40.68% and voltage stability 
and security of network are increased by 2.32% and 13.1% respectively with planned application of DGs. 
 
 
Fig. 5: Comparative graphical representation of voltage magnitudes for different buses with and without renewable DGs in the network with 
voltage dependent load model 
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  Table 6. Comparison of substation (S/S) power consumption, total power loss, VSF and NSI of DG installed network with before DG 
installation case for voltage dependent load 
Network operation 
mode 
S/S power consumption 
(kVA) 
Total network 
power loss (kVA) Value of VSF 
Value of NSI 
Without renewable 
DG 
1009 59 0.9361 0.4191 
With renewable DGs 790 35 0.9578 0.3642 
 
7. Conclusion 
The article presents a novel multi-objective formulation of renewable DG planning for distribution network 
incorporating load model. Constrained multi objective particle swarm optimization technique along with fuzzy rule 
has emerged as a very effective tool for DG allocation. A set of non-dominated solution is generated by trade-off 
between three especially chosen objective functions viz. benefit to cost ratio, voltage stability factor and network 
security index. In this study satisfactory economical benefit, voltage stability improvement and network security 
enhancement is obtained for best non-dominated solution. This investigations show the importance of load models 
on choice of DGs. It has shown that proper allocation of renewable based DGs have potential to improve voltage 
profile at distribution buses. Considerable reductions in consumption of grid power and network power losses are 
also obtained. The method can be used to allocate renewable DGs in any radial distribution system and find 
automatically the best solution. In the further investigations, others technical and operational constraints may be 
imposed on the proposed algorithm regarding the choice of power engineers or distribution companies. 
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